ABSTRACT. We previously reported that D0870 induced QT prolongation and sudden death due to torsades de pointes (TdP) in dogs and that catecholamines played an important part in the development of the sudden death. In the present study, we analyzed in detail the ambulatory electrocardiographic recordings obtained from the just-mentioned study to elucidate the mechanism of the onset of TdPs and conducted an in vitro study using isolated canine Purkinje fibers to assess the effect of D0870 on repolarization. The hearts with TdPs observed before the sudden death showed a higher sinus rate for 5 and 10 sec before the onset, a shorter coupling interval, and a higher ventricular tachycardia rate compared with those having the non-sustained TdPs. These findings suggest that D0870-induced fatal TdPs may be provoked by a triggered activity developed from delayed after depolarizations. In contrast, as the pause-dependent, non-sustained TdPs in bradycardia showed a typical "short-long-short" sequence, they may be developed from early afterdepolarization . Moreover, the results of the in vitro study supported our contention that D0870 induced QT prolongation in a reverse use-dependent manner in vivo and suggested that it may inhibit not only rapidly activating delayed rectifier potassium current (Ik r ) but also L-type Ca current (I Ca-L ).-KEY WORDS: antifungal agent, canine, D0870, QT prolongation, TdP.
D0870, which is chemically (R)-(+)-2-(2, 4-difluorophenyl)-1-[3-[(E)-4-(2, 2, 3, 3-tetrafluoropropoxy)-styryl]-
1H-1, 2, 4-triazol-1-yl]-3-(1H-1, 2, 4-triazol-1-yl) propan-2-ol, is a new antifungal agent that is active orally and parenterally against a wide range of systemic mycosis, even in the immunocompromised models [31] . We previously reported that D0870 induced plasma concentrationdependent QT prolongation and sudden death due to ventricular fibrillation (VF) associated with torsades de pointes (TdP) in a dog study using loading (50 mg/kg) and maintenance (5 mg/kg/day) doses with long-term ambulatory electrocardiographic monitoring [19] . A previous study revealed that D0870 induced three different types of Tdp, namely, the rate-dependent and pausedependent non-sustained TdP (r-nsTdP and p-nsTdP, respectively), and the rate-dependent sustained TdP (rsTdP). Then, we demonstrated the secondary role of catecholamines in the onset of sudden death induced by D0870 [20] . In the present study, to evaluate the characteristics of QT prolongation induced by D0870, we compared the QT-RR relations between before and after the treatment with D0870 by fitting to 2-parameter QT p r e d i c t i o n f o r m u l a s t h e d a t a o f a m b u l a t o r y electrocardiograms obtained from the dogs used in a previous study [19] . Also, to clarify the characteristics of the TdPs observed before the sudden death induced by D0870, we performed a greater detailed analysis of the above-mentioned electrocardiograms. In addition, we examined the transmembrane action potential of isolated canine Purkinje fibers to assess the effect of D0870 on repolarization.
MATERIALS AND METHODS

1) Test materials
An injectable preparation containing 50 mg of D0870 per 20 ml of a sterile lipid emulsion, supplied from Zeneca Pharmaceuticals (Cheshire, UK), was used in a previous study [19] . However, in the present in vitro study D0870 was dissolved to a concentration of 2 mg/ml in 2% polyoxyethylene hydrogenated castor oil 60 (HCO-60) as the vehicle.
2) Animals
Four female beagle dogs weighing 10.6 to 12.1 kg (BMR Laboratory, Gifu) were used for this in vitro study. The animals were housed individually in stainless-steel cages (80 × 90 × 90 c m) i n a c lima te-c ont roll ed room (temperature, 23 ± 2°C; relative humidity, 55 ± 15%; 12-hr light/12-hr dark cycle). They were given 300 g/day of a certified solid diet (Lab Rations # 4360, Purina Japan, Tokyo) and tap water ad libitum during the experimental period. The guidelines of Mochida Pharmaceutical Co. were followed for the care and use of the animals.
3) Analysis of the relation between QT and RR intervals Here, we analyzed in greater detail the ambulatory electrocardiographic recordings obtained from eight dogs in a previous study on D0870 to estimate the QT-RR relation [19] . Ambulatory electrocardiographic recording with a Holter recorder (SM-50, Fukuda Denshi, Tokyo) had been made from all the animals before the dosing and throughout the experimental period. The records were digitized and analyzed with an ECG processor (SP-2, Softron, Tokyo). The relation between QT and preceding RR intervals was assessed by using the data obtained from ambulatory electrocardiograms that had been recorded continuously for 24 hr before and 24 hr after the treatment with the loading dose, 50 mg/kg, of D0870 [19] . The analysis was performed according to the procedures described previously [21] . Briefly, a total number of 100 to 150 points of QT-RR pairs per animal was collected from before and 3 to 24 hr after treatment with 50 mg/kg of D0870, because the plasma concentrations of the compound and the QT intervals were maintained at almost constant values during that period. The data were fitted to six 2-parameter QT prediction formulas (F1 to F6) listed in Table  1 , and the relative accuracy of fit to QT-RR pairs was assessed according to the Akaike information criterion (AIC) [4] : AIC = N•ln (RSS) + 2P where N is the number of observations (QT-RR pairs), ln is the natural logarithm, RSS is the residual sum of squares, and P is the number of parameters in the formula used. Therefore, the formula giving the minimum AIC is regarded as the best representation of a given plot of data. F1 is the linear regression formula originally proposed by Adams [3] ; F2 to F4 are modified root formulas including a constant as the second parameter in square [6] , cubic [13] , and fourth root [16] formulas; F5 is Ashman's logarithmic formula [5] ; and F6 is the inverse Kovács formula [18] . After the data had been fit to the best fit formula, the characteristics of QT prolongation induced by D0870 were evaluated.
4) Detailed analysis of ambulatory electrocardiograms just before the onset of Torsades de Pointes (1) Analysis
To analyze the electrocardiographic changes just before the onset of TdPs, we measured the mean (RRn, n= recording time) and standard deviation (SDRRn) of normal RR intervals for 5, 10, 20, and 30 sec before the onset of TdPs, final sinus RR interval (NN), coupling interval (NV), and ventricular tachycardia (VT) rate for all the episodes of TdPs recorded by the ambulatory electrocardiography ( Fig.1) . SDRR reflects all the cyclic components responsible for variability for the period of recording ECGs [29] .
(2) Statistical analysis TdPs developed in ten dogs treated intravenously with D0870 as a loading dose (50 mg/kg) and maintenance doses (5 mg/kg/day) were divided into three types of TdPs: ratedependent sustained TdPs (r-sTdPs; 6 episodes in 6 animals), non-sustained TdPs (r-nsTdPs; 17 episodes in 5 animals), and pause-dependent non-sustained TdPs (pnsTdPs; 2 episodes in 1 animal) (Fig. 2) . The parameters were compared between the r-sTdPs and r-nsTdPs. The data were analyzed for homogeneity of variance by the Ftest. Homogeneous data were subjected to Student's t test. Heterogeneous data were analyzed by Welch's test. A statistically significant difference was defined as P less than 0.05. The data obtained from the p-nsTdPs were not applied to the statistical analysis because only 2 episodes in 1 animal were observed.
5) Effect of D0870 on transmembrane action potential of isolated canine Purkinje fibers in vitro
(1) Tissue preparation T h e a n i m a l s w e r e a n e s t h e t i z e d w i t h s o d i u m pentobarbital (30 mg/kg, iv), and then thoracotomized. The heart was rapidly excised and placed in a cool, oxygenated (95% O 2 / 5% CO 2 ) and heparinized physiological saline solution. After exsanguination by the natural beating of the heart, the solution was changed to an oxygenated Tyrode's solution (pH 7.30 ± 0.05) containing NaCl, 137; NaHCO 3 , 11.9; CaCl 2 , 1.8; MgCl 2 , 1.05; NaH 2 PO 4 , 1.8; KCl, 2.68; glucose, 11.0 (all concentrations as mM). Next, Purkinje fibers, which included small portions of the right ventricular papillary muscle and the endocardial right ventricular free wall, were carefully excised in Tyrode's solution. After the removed tissue had been trimmed, to leave Purkinje fibers undamaged and to surround them entirely by Tyrode's solution, the tissue preparation was settled in a 6-ml tissue chamber and anchored to a rubber plate by pins through the proximal and distal muscle islands. The preparation was electrically stimulated through the papillary muscle or endocardial free wall by platinum bipolar electrodes connected to a stimulator (DPS-151S, Dia Medical System, Tokyo) via a stimulus isolation unit (DPS-107, Dia Medical System). Impulses of 3-msec duration and current that was twice the diastolic threshold one were used in this study. Equilibration was achieved with electrical stimulation at 1 Hz in Tyrode's solution for at least 60 min before the commencement of the experiment. All solutions used for this study were aerated with 95% O 2 / 5% CO 2 and superfused through the preparation at a constant flow rate of 2 ml/min throughout the experiment. The bath temperature was maintained at 37.0 ± 0.5°C with a bath temperature control unit (DTC-200T, Dia Medical System). Transmembrane action Fig. 1 . The final sinus RR interval (NN) and coupling interval (NV) on the ECG recording. The prolongation of the final sinus RR interval (NN) was evident, and a typical "shortlong-short" sequence at the initiation of the pause-dependent non-sustained torsades de pointes (p-nsTdP) was recorded.
potentials were recorded by 3 M KCl-filled glass capillary microelectrodes with a tip resistance of 20-40 MΩ. The microelectrodes were coupled by a Ag-AgCl junction and an intracellular probe system to an amplifier (Model 767, WPI, Sarasota, FL) with high-input impedance. Action potentials were displayed on an oscilloscope (VC-6723, Hitachi, Tokyo), and stored in a digital data recorder (PC208Ax, SONY, Tokyo).
(2) Action potential measurement
For assessment of the frequency-dependent effect of D0870 on action potential parameters of Purkinje fibers, the preparation was electrically stimulated at basic cycle lengths (BCLs) of 300, 400, 500, 600, 800, 1000, and 2000 msec under superfusion with Tyrode's solution alone or with 0.1% HCO-60 added to Tyrode's solution. Then, it was superfused with D0870 solution at a final concentration of 100 µg/ml (0.01 %) for 180 min. The transmembrane action potentials at BCLs of 1,000 and 2,000 msec were recorded at 60, 120, and 180 min of superfusion with the D0870 solution. In addition, those at 300, 400, 500, 600, and 800 msec were recorded at 120 min of the superfusion. Action potential durations (APDs) at the levels of 30, 50, and 90% repolarization (APD 30 , APD 50 , and APD 90 , respectively) were calculated by use of a software for action potential determination (NEC Medical Systems, Tokyo).
(3) Statistical analysis
All the numerical data were expressed as the mean ± S.D. These data were analyzed by Dunnett's multiple comparison procedure. A statistically significant difference between 0.1% HCO-60 and 0.01% D0870 was defined as P less than 0.05.
RESULTS
Analysis of the relationship between QT and RR intervals:
The best fit was given by F6 (inverse Kovács formula) for all the animals before and after treatment with D0870. The regression parameters, a and b, of Kovàcs formula represent the slope of the regression line and the maximum QT interval with an increase in RR interval, respectively [21] . The slope of the regression line and the maximum QT interval were increased by treatment with 50 mg/kg of D0870, and the prolongation rates of the latter were estimated to be 62-105% by F6. The increase in the slope of the regression line could be indicated even by the other formulas (F1 to F5), whereas the maximum QT interval could not be described by these formulas [21] . After having been fit to Kovács formula, the QT-RR pairs were indicated as two lines with different slope, and reverse use-dependency became clear both graphically ( Fig. 3 ; as an example of one dog) and mathematically (Table 1 , as parameter a).
Fig. 2. ECG patterns (MX lead) obtained from a male dog treated intravenously with D0870 as a loading dose (50 mg/kg) and maintenance doses (5 mg/kg/day). a) Normal ECG pattern with respiratory sinus arrhythmia (pre-dose). b) T-wave alternans in
tachycardia. c) Rate-dependent non-sustained torsades de pointes (r-nsTdP) elicited after a sudden increase in heart rate from the normal heart rate. d, e) Pause-dependent non-sustained torsades de pointes (p-nsTdP) elicited in severe bradycardia. f) Ratedependent sustained TdP (r-sTdP) preceding ventricular fibrillation (VF) observed just before death.
Detailed analysis of ambulatory electrocardiograms just before the onset of Torsades de Pointes:
Significant decreases in the mean and standard deviation of RR intervals for 10 and 5 sec before the onset of TdPs (RR 10 , RR 5 , SDRR 10 , SDRR 5 , respectively) and in those of the coupling interval (NV), as well as a significant increase in the VT rate, were observed in the r-sTdPs elicited before death compared with the values for the r-nsTdPs. No differences were detected in RR 30 , RR 20 , SDRR 30 , SDRR 20 , and final sinus RR interval (NN) between the r-sTdPs and rnsTdPs elicited in tachycardia (Fig. 4) . A higher heart rate produced a shorter coupling interval, and a shorter coupling interval induced a higher VT rate. The TdPs with a high VT rate did not stop but proceeded to VF, whereas those with a lower VT rate spontaneously reverted to a sinus rhythm. A prolongation of NN was evident in the p-nsTdP, which showed a typical "short-long-short" sequence at the initiation, and spontaneously reverted to a sinus rhythm (Fig. 1) .
Effect of D0870 on transmembrane action potential of isolated canine Purkinje fibers:
APDs and their tracings by superfusion with 0.1% HCO-60 solution were comparable to those obtained with Tyrode's solution. This result suggests that 0.1% HCO-60 solution added to Tyrode's solution had no effect on APDs. Superfusion with 0.01% D0870 solution time-dependently prolonged the APD 90 value, which did not reach a steady state even after 180 min of the treatment. At 120 min after the superfusion with 0.01% D0870 solution, the APD 90 value was significantly lengthened (35% increase over that obtained with 0.1% HCO-60); and, conversely, the APD 30 value was shortened (33% decrease compared with 0.1% HCO-60 value) remarkably, but not significantly (Table 2) . Thus, the plateau phase (phase 2) of the action potential was attenuated, and the typical semibell-shaped curve of the action potential was deformed after D0870 superfusion, as shown in Fig. 5 . The APD 9 0 values after D0870 superfusion were significantly prolonged in a BCLdependent manner (Fig. 6) . No afterdepolarizations or humps on action potentials were observable even after 180 min of D0870 superfusion.
DISCUSSION
The QT interval was markedly prolonged in dogs treated intravenously with 50 mg/kg of D0870, the relations between QT and RR intervals before and after the treatment were well fitted to the inverse Kovács formula, and a reverse use-dependency was clearly detectable in QT prolongation. Since this reverse use-dependent QT prolongation is observed with class III antiarrhythmic drugs [14, 22] and is considered to be related to the inhibitory effect of the drugs on the rapidly activating delayed rectifier potassium current (Ik r ) [15, 23] , the QT prolongation induced by D0870 may be explained by the same mechanism. The maximum QT prolongation rate in severe bradycardia could also be estimated by Kovács formula, which ranged from 62 to 105% in dogs treated with 50 mg/ kg of D0870 compared with pretreatment values. The mean RR intervals for 5 and 10 sec before the onset of r-sTdPs were significantly shorter than those before that of r-nsTdPs. In addition, the standard deviations of RR intervals in r-sTdPs were smaller than those in r-nsTdPs.
These findings suggest that an abrupt increase in heart rate occurred at 5 or 10 sec before the onset of tachyarrhythmias in the case of the r-sTdPs. Furthermore, the shorter coupling interval and higher VT rate in r-sTdPs compared with those in r-nsTdPs suggest that a higher heart rate produced a shorter coupling interval and higher VT rate and that the TdPs with higher VT rate did not stop but proceeded to VF, whereas the TdPs with a lower VT rate provoked at a lower heart rate spontaneously reverted to a sinus rhythm. These characteristics coincide with those of delayed afterdepolarization (DAD) reported by Cranefield [8] . On the other hand, the p-nsTdPs may be provoked by early afterdepolarization (EAD), because a typical shortlong-short sequence, which is a characteristic of EAD, was found at the initiation [9, 17] ; and EAD is known to be developed pause-dependently [10, 12] . Therefore, we propose that D0870-induced TdPs may be provoked by 20 , and RR 30 , respectively), final normal RR interval (NN), coupling interval (NV), and ventricular tachycardia (VT) rate of rate-dependent sustained and non-sustained TdPs (r-sTdPs and r-nsTdPs, respectively). Significant differences between r-sTdPs and r-nsTdPs are marked: * p<0.05; ** p<0.01; *** p<0.001. triggered activities developed from both types of afterdepolarizations, i.e., EADs in bradycardia and DADs in tachycardia. This idea coincides with the hypothesis concerning the mechanism of tachyarrhythmias in congenital long QT syndrome proposed by Schechter et al. [24] . For the occurrence of sudden death, we consider DAD and sympathetic nervous tone to be more important than EAD and parasympathetic tone, because all of the TdPs observed before death were elicited in tachycardia; and it is known that the sympathetic nervous system promotes malignant cardiac arrhythmias such as VT and VF, whereas the parasympathetic nervous tone generally plays a protective role [11, [25] [26] [27] [28] 30] . The measurement of intracellular action potentials of isolated canine Purkinje fibers revealed that D0870-induced APD 90 prolongation was mainly due to prolongation of phase 3 of repolarization. In addition, D0870 prolonged APD 90 in a reverse use-dependent manner. It is known that class III antiarrhythmic drugs induce APD prolongation of this kind. Therefore, these findings confirm the inhibitory effect of D0870 on Ikr as mentioned above. Moreover, a shortening tendency of APD 30 and attenuation of the plateau phase imply that D0870 may inhibit not only Ikr but also L-type Ca current (I Ca-L ), since the plateau phase of the action potential is shaped by a balance between inward I Ca-L and outward Ik r [7] . The inhibitory effect of D0870 on Ca current may be a reason why afterdepolarizations were not developed in the in vitro study because the combination of class III antiarrhythmic agents with Ca-blocking agents attenuates the dome-like shape of the action potential and inhibits the development of afterdepolarizations [1, 2] .
